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ABSTRACT 

The r o l e  of t h e  c o u n t e r s t r e a m i n g  i o n  i n s t a b i l i t y  

i n  t h e r m a l i z i n g  t h e  s o l a r  wind i o n s  i n  t h e  e a r t h ' s  bow shock 

i s  d i s c u s s e d .  It is  shown t h a t  t h e  i n t e r p l a n e t a r y  magnet ic  

f i e l d  p l a y s  an  impor tan t  r o l e  i n  t h e  development of  t h l s  i n -  

s t a b i l i t y .  Comparison w i t h  r e c e n t  e x p e r i m e n t a l  d a t a  shows 

t h a t  i t  can b e  t h e  dominant mechanism of i o n  t h e r m a l i z a t i o n .  



I INTRODUCTION 

Recent s a t e l l i t e  measurements i n  t h e  bow shock r e g i o n  of t h e  

e a r t h  ( F r e d r i c k s  e t  a1 1970, Montgomery e t  a1 1970) demonst ra te  t h e  

e x i s t e n c e  of s t r o n g  low frequency e l e c t r o s t a t i c  t u r b u l e n c e  fol lowed 

by i n t e n s i v e  i o n  h e a t i n g .  F r e d r i c k s  e t  a1 (1970) propose t h e  e l e c t r o n -  

i o n  s t r e a m i n g  i n s t a b i l i t y  (Buneman 1958,  F r i e d  and Gould 1961, Davidson 

e t  a 1  1970) as t h e  main i o n  d i s s i p a t i o n  mechanism. The s o u r c e  of  t h e  

e l e c t r o n  d r i f t s  is t h e  d iamagnet ic  e l e c t r o n  c u r r e n t  i n  t h e  l a r g e  mag- 

n e t i c  f i e l d  g r a d i e n t s .  However r e c e n t  t h e o r e t i c a l  and computer simu- 

l a t i o n  work h a s  shown t h a t  w h i l e  t h i s  i n s t a b i l i t y  may account  f o r  t h e  

observed e l e c t r o n  h e a t i n g  i n  t h e  shock f r o n t ,  i t  i s  n o t  v e r y  e f f e c t i v e  

i n  t h e r m a l i z i n g  t h e  i o n s  (Davidson e t  a1 1970;  McKee 1970) .  Moreover, 

t h e o r e t i c a l  work (Tidman and K r a l l  1970, Crevier and Tidman 1970) h a s  

shown t h a t  res i s t ive  d i s s i p a t i o n  i s  i n a d e q u a t e  t o  s u p p o r t  o b l i q u e  shocks 

above a c r i t i c a l  Mach number (MY 2, 2 , 3 )  

These a u t h o r s  p o i n t  ou t  t h a t  t h e  consequence of such wave b r e a k i n g  i s  

a m u l t i s t r e a m i n g  s i t u a t i o n  f o r  t h e  p r o t o n s  which might l e a d  t o  a two 

i o n  stream i n s t a b i l i t y ,  b u t  they  d i d  n o t  i n c l u d e  t h e  e f f e c t  of t h e  mag- 

s i n c e  wave b r e a k i n g  o c c u r s .  

n e t i c  f i e l d  on t h e  i n s t a b i l i t y  i n  t h e i r  d i s c u s s i o n .  This  i n s t a b i l i t y  

and t h e  r e s u l t i n g  i o n  t h e r m a l i z a t i o n  h a s  been r e c e n t l y  s t u d i e d  t h e o r e -  

t i c a l l y  and w i t h  computer s i m u l a t i o n  by Papadopoulos e t  a 1  (1970) .  These 

l a t t e r  s t u d i e s  i n c l u d e d  t h e  magnetic f i e l d  which h a s  an impor tan t  e f f e c t  

on t h e  e l e c t r o n  dynamics, It  i s  t h e  purpose of t h e  p r e s e n t  n o t e  t o  

demonst ra te  t h a t  t h e  t u r b u l e n c e  g e n e r a t e d  by t h e  counters t reaming i o n  

i n s t a b i l i t y  a c r o s s  t h e  compressed magnet ic  f i e l d  i n  t h e  e a r t h ' s  bow shock 

can account  f o r  t h e  e x p e r i m e n t a l l y  observed i o n  h e a t i n g .  
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I1 e COUNTERSTREAMING I O N  INSTABILITY 

I n  t h i s  s e c t i o n  w e  summarize t h e  b a s i c  r e s u l t s  of t h e  t i m e  

development f o r  t h e  counters t reaming i o n  i n s t a b i l i t y  a c r o s s  a magnet ic  

f i e l d .  A d . e t a i l e d  t h e o r y  of t h e  i n s t a b i l i t y  can b e  found i n  Papadopoulos 

e t  a1 (1970) .  The sys tem shown i n  F i g .  1 i s  l i n e a r l y  u n s t a b l e  f o r  

where u = 2 V  i s  t h e  re la t ive v e l o c i t y  of  t h e  i o n  stream. I n  l i n e a r  

t h e o r y  t h e  d i s p e r s i o n  f o r  t h i s  sys tem p r e d i c t s  t h e  f o l l o w i n g  growth 

r a t e  and wave number f o r  t h e  most u n s t a b l e  mode 

d 

2 
1 I - Ym - - w  2 0  

where 

2 
w =  

0 

2 
P i  w 

- 

2 b  + f) 
The range of u n s t a b l e  wave-numbers i s  

I n  d e r i v i n g  t h e s e  r e s u l t s  i t  w a s  assumed t h a t  t h e  e l e c t r o n s  are bound 

t o  f i e l d  l i n e s  

o r b i t s  (kr i  >>  1 I w I  >> Qi) 

(kr, << 1 ~ I w I  << fie) , w h i l e  t h e  i o n s  f o l l o w  s t r a i g h t  
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I n  g e n e r a l  t h e s e  u n s t a b l e  o s c i l l a t i o n s  are mixed ( e l e c t r o -  

s t a t i c - e l e c t r o m a g n e t i c )  , b u t  t h e  e l e c t r o s t a t i c  c h a r a c t e r  i s  dominant 

i n  t h e  smaller wave-lengths (k % u / c ) .  The i n s t a b i l i t y  develops 

i n  a q u a s i l i n e a r  f a s h i o n  a s  d e s c r i b e d  by Papadopoulos e t  a1 (1970) 

and is s t a b i l i z e d  by i o n  t r a p p i n g  when t h e  e l e c t r o s t a t i c  f i e l d  energy 

reaches  

Pe 

- . 2 3  1 2 
2 Z n m i  'd 
Pe 

- E 
u Fmax 

1 + y  

3 (5) 

RL 
ce 

by which t i m e  a l a r g e  f r a c t i o n  of t h e  i o n  d r i f t  energy h a s  been conver ted  

i n t o  i o n  h e a t i n g .  Computer s i m u l a t i o n  confirmed t h e s e  r e s u l t s .  

F i g .  2 s h w s  t h e  t i m e  development of t h e  i o n  d i s t r i b u t i o n  

f u n c t i o n  and t h e  i o n  phase space  f o r  a t y p i c a l  s i m u l a t i o n  r u n .  Most 

of t h e  d i r e c t e d  i o n  beam energy i s  conver ted  i n t o  random i o n  energy .  

These r e s u l t s  apply  t o  a one dimensional  sys tem.  

For a two dimensional  sys tem t h e  c o n d i t i o n  f o r  i n s t a b i l i t y  

a s  g iven  i n  Eq. (1) should  b e  i n t e r p r e t e d  as t h e  c o n d i t i o n  f o r  a l l  k 

d i r e c t i o n s  i n  t h e  x-y p l a n e  ( F i g .  l a b )  t o  b e  u n s t a b l e .  One can r e l a x  

t h i s  c o n d i t i o n  s u b s t a n t i a l l y  and s t i l l  have u n s t a b l e  waves w i t h  - k i n  

t h e  x-y p l a n e  b u t  a t  a n g l e  t o  V However, as i t  w i l l  b e  shown f o r  

t h e  shock parameters  Eq. (1) i s  s a t i s f i e d  i n  t h e  t u r b u l e n t  t r a n s i t i o n  

-d 

r e g i o n  s o  t h a t  t h e  one dimensional  t h e o r y  can b e  a p p l i e d  t o  t h e  prob- 

l e m  under c o n s i d e r a t i o n .  One s h o u l d  add t h a t  f o r  unequal  beam d e n s i t i e s  

t h e  b a s i c  f e a t u r e s  i n  t h e  development of t h e  i n s t a b i l i t y  remain t h e  

same w h i l e  t h e  l i n e a r  growth ra te  is  reduced by t h e  d e n s i t y  r a t i o .  
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111. COMPARISON' WITH EXPERIMENT 

The e x c e l l e n t  series of d a t a  p r e s e n t e d  by Montgomery e t  a1 

(1970) and F r e d r i c k s  e t  a1 (1970) p r o v i d e  us  w i t h  t h e  h i g h e s t  t i m e  re- 

s o l v e d  and most complete shock s t r u c t u r e  measurements t o  d a t e .  Mont- 

gomery e t  a1 (1970) p r e s e n t  mainly p a r t i c l e  d a t a ,  i n c l u d i n g  b o t h  p r o t o n  

and e l e c t r o n  v e l o c i t y  d i s t r i b u t i o n  f u n c t i o n s  a The Vela 4 s p a c e c r a f t  

d i d  n o t  c a r r y  any f i e l d  experiments  e However, t h e  p a r t i c l e  measurements 

are e a s i l y  r e c o n c i l e d  w i t h  t h e  f i e l d s  and p a r t i c l e  d a t a  from OGO-5 p re-  

s e n t e d  by F r e d r i c k s  e t  a 1  (1970) .  W e  summarize h e r e  t h e  main r e s u l t s  

p r e s e n t e d  i n  t h e  above papers  : 

Large magnet ic  f i e l d .  compressions (e .g .  from 7 y t o  30-4Oy) 

were observed w i t h  scale l e n g t h s  c / w  . 
E l e c t r o s t a t i c  t u r b u l e n c e  b u i l d s  t o  h i g h  level i n  r e g i o n s  o f  

h i g h  magnet ic  f i e l d  ( I B I  > 20y) , t h e n  decays r a p i d l y  

downstream. 

The e l e c t r o s t a t i c  waves i n c r e a s e  i n  i n t e n s i t y  w i t h  depth  and 

s a t u r a t e  a t  E / 8 m T  6 10  

Pro ton  randomizat ion a p p e a r s  t o  c o r r e l a t e  i n  e v e r y  case w i t h  

t h e  r e g i o n  of s a t u r a t i o n  of e l e c t r o s t a t i c  t u r b u l e n c e  and t h e  

jump i n  p r o t o n  tempera ture  i s  2-4 t i m e s  g r e a t e r  t h a n  t h e  jump 

i n  e l e c t r o n  tempera ture ,  

Te/Tp upstream varies between .6 and .4 . 
E l e c t r o n  t h e r m a l i z a t i o n  occurs  i n  a t h i n  r e g i o n  (150-600 m), 

upstream from t h e  reg ion  of t h e  i o n  t h e r m a l i z a t i o n  which oc- 

c u r s  i n  a d i s t a n c e  of 40-100 km, 

Pe 

2 -2 
e 
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( 7 )  The p a r t i c l e  measurements show a s i n g l e  humped d i s t r i b u t i o n  

f u n c t i o n  f o r  t h e  electrons and a double  humped f o r  t h e  i o n s  

i n  t h e  t r a n s i t i o n  r e g i o n .  Downstream t h e  p r o t o n  d i s t r i b u t i o n  

f u n c t i o n  takes on a f l a t - t o p p e d  appearance.  F u r t h e r  down- 

stream t h e  d i s t r i b u t i o n  becomes more rounded n e a r  t h e  peak 

and only  f l u c t u a t i n g  r i p p l e s  remain on t h e  h i g h  energy t a i l .  

The e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  becomes f l a t  topped almost  

immediately (150-600 m). 

Table  I shows t h e  upstream and downstream shock parameters  

f o r  a p a r t i c u l a r  t r a n s i t i o n .  These can b e  cons idered  as r a t h e r  t y p i c a l  

exper imenta l  v a l u e s .  

The most s t r i k i n g  c h a r a c t e r i s t i c  of t h e s e  o b s e r v a t i o n s  i s  t h e  

i n t e n s e  i o n  h e a t i n g .  Res is t ive  h e a t i n g  due t o  e l e c t r o n - i o n  i n s t a b i l i t i e s  

cannot  e x p l a i n  t h e  observed i o n  tempera tures  downstream and a n  anomalous 

ion  v i s c o s i t y  is  r e q u i r e d .  The c o u n t e r s t r e a m i n g  ion-ion i n s t a b i l i t y  

o p e r a t i n g  i n  t h e  r e g i o n  of compressed magnetic f i e l d  can p r o v i d e  such an 

anomalous d i s s i p a t i o r  . 
Most of. t h e  o b s e w a  t i o n s  summarized above,  ar ise  i n  a n a t u r a l  

way d u r i n g  t h e  development of t h e  i n s t a b i l i t y .  The i o n  d i s t r i b u t i o n  

f u n c t i o n s  as r e p o r t e d  by Montgomery e t  a1 (1970) appear  t o  develop i n  a 

s imi l a r  way w i t h  F ig .  2(a-c) The n e c e s s a r y  c o n d i t i o n  f o r  i n s t a b i l i t y  

given by Eq. (1) i s  s a t i s f i e d  f o r  t h e  observed v a l u e s  i n  t h e  r e g i o n s  

o f  t u r b u l e n c e .  

which i s  res is t ive,  so  t h a t  i o n  tempera tures  h i g h e r  t h a n  e l e c t r o n  are a 

n a t u r a l  consequence of t h e  mechanism. The pro ton  t h e r m a l i z a t i o n  occurs  

i n  t h e  r e g i o n  of s a t u r a t i o n  of t h e  e l e c t r o s t a t i c  t u r b u l e n c e ,  i n  agreement 

w i t h  F i g .  2 ( d , f  ,g) 

The i o n  h e a t i n g  i s  independent  from t h e  e l e c t r o n  h e a t i n g ,  
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The l e n g t h  scale  predi ,c ted f o r  i o n  t h e r m a l i z a t i o n  can b e  

e s t i m a t e d  e a s i l y  from E q s .  (2 )  and (3)  by t a k i n g  t h e  t h e r m a l i z a t i o n  

t i m e  as 5-10 y c o n s i s t e n t  w i t h  t h e  s i m u l a t i o n  r e s u l t s .  Then f o r  

t h e  plasma parameters  i n  t h e  compressed magnet ic  f i e l d  r e g i o n  given 

by T a b l e  I and f o r  d r i f t  v e l o c i t y  

-1 
m 

u % 4 x l o 7  cm/sec, t h e  i o n  t h e r -  

m a l i z a t i o n  d i s t a n c e  i s  

U 2 u  cl 
U L Q 5-10 - Q 5-10 2 6 - e -  w w - % (5-10) 10 - w 2, 4C-80 km 
ym Pe P i  P i  

i n  good agreement w i t h  t h e  measured v a l u e  of 40-100 km. F i n a l l y  t h e  

s a t u r a t i o n  wave energy o f  t h e  i n s t a b i l i t y  i s  g iven  by E q .  ( 5 ) .  For 

t h e  v a l u e s  of Table  I and w i t h  p r o t o n  f low energy 800 ev w e  f i n d  

% . 3  ev E2 - 
877 

which i s  c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n  

6 
E2 

8 m T  e 

We w i l l  n o t  a t tempt  h e r e  t o  e n t e r  a d e t a i l e d  d i s c u s s i o n  of 

t h e  magnet ic  compression w i t h  scale l e n g t h s  c/we o r  t h e  e l e c t r o n  

h e a t i n g .  F r e d r i c k s  e t  a1 (1970) gave a good d e s c r i p t i o n  of t h e s e .  The 

magnet ic  f i e l d  compression i s  b a s i c a l l y  a l a m i n a r  Adlam-Allen (1958) 

wave. I n  t h e  f r o n t  of t h e  wave t h e  ( V  x B) c u r r e n t s  are c a r r i e d  

mainly by e l e c t r o n s .  These e l e c t r o n  d r i f t s  t r i g g e r  an e l e c t r o n - i o n  

i n s t a b i l i t y  w i t h  growth ra te  (Buneman 1958) 
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This  i n s t a b i l i t y  h o l d s  down t h e  c u r r e n t  and h e a t s  t h e  e l e c t r o n s  till 

t h e i r  thermal  v e l o c i t y  approaches t h e  v a l u e  of t h e  d r i f t  v e l o c i t y .  Th i s  

mechanism accounts  f o r  keeping  th.e e l e c t r o n  B % 1 w i t h  t h e r m a l i z a t i o n  

d i s t a n c e  

L % (5-10) % 200-400 m Y 

as.  observed i n  t h e  exper iment .  

SUMMARY 

We have d i s c u s s e d  t h e  r o l e  o f  t h e  coun te r s t r eaming  ion-ion 

i n s t a b i l i t y  i n  t h e  i o n  t h e r m a l i z a t i o n  p rocess  f o r  t h e  e a r t h ' s  bow shock.  

Observa t ions  of t h e  i o n  d i s t r i b u t i o n  f u n c t i o n s ,  t h e  spectrum of t u r b u l e n c e ,  

and t h e  scale e l e n g t h  and l o c a t i o n  of t h e  i o n  t h e r m a l i z a t i o n  seem t o  sup- 

p o r t  t h e  t h e s i s  t h a t  t h i s  i n s t a b i l i t y  p l a y s  a dominant r o l e  i n  t h e  i o n  

t h e r m a l i z a t i o n .  
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B 

n 

U 

Te 

Ti 

a 
w 
Pe 

ce w 

MA 

TABLE I 

Shock Transition Parameter 

Upstream 

5.2 y 

5 cm 
-1 4.15 x l o 7  cm sec 

1.5 x lo5 OK 

6 x l o 4  OK 
1.4 

1.2 x 10 sec 

8.8 x 10 sec 

5 -1 

2 -1 

6 - 10 

2 Downstream 

35 Y 
-3 15 cm 

3.3 x l o 7  cm sec -1 

7 x lo5  O K  

2 x lo6  O K  

1.0 

-1 

3 -1 

2 x lo5  sec 
5 x 10 sec 
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FOOTNOTES 

1. F r e d r i c k s  e t  a1 n o t e  t h a t  e l e c t r o s t a t i c  n o i s e  occur s  i n  r e g i o n s  

of h igh  IBI-gradien ts .  However i n  some c a s e s ,  e . g .  F ig .  2 a t  

Oh 4 3 m  51’ 

n o i s e  occur s  wi thou t  any f i e l d  g r a d i e n t s ,  bu t  only compressed 

f i e l d s .  For t h i s  r eason  we p r e f e r ,  c o n s i s t e n t l y  w i t h  t h e  proposed 

of F r e d r i c k s  e t  a1 (1970) ,  i t  appea r s  t h a t  h i g h  l e v e l  

p i c t u r e ,  t o  c o r r e l a t e  t h e  e l e c t r o s t a t i c  t u r b u l e n c e  w i t h  h i g h  I B 1 - 
f i e l d s ,  which i s  t h e  case i n  a l l  d a t a  p re sen ted .  

2 .  Since  t h e r e  were no  magnet ic  probes  on t h e  Vela w e  assume a mag- 

n e t i c  f i e l d  v a l u e  of 35 y on t h e  b a s i s  of F r e d r i c k s  e t  a1 (1970) 

d a t a .  
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FIGURE CAPTIONS 

Fig .  l a .  I n i t i a l  v e l o c i t y  s p a c e  c o n f i g u r a t i o n  o f  i o n  streams 

and e l e c t r o n  background 

Fig .  1 b .  Geometry o f  sys tem 

F i g .  2 .  !From K .  Fapadopoulos e t  a l  (1970)l 

a-c: T i m e  sequence of e l e c t r o n  and i o n  d i s t r i b u t i o n  

fun  c t i o n s  

d: T i m e  development of f i e l d  energy  (cF) , Ion  

tempera ture  (Ki) and E l e c t r o n  y - d r i f t  energy 

e-h: T i m e  sequence of i o n  phase  space .  



FIG. 1 o) INITIAL VELOCITY SPACE CONFIGURATION OF ION 
STREAMS AND ELECTRON BACKGROUND. bl GEOMETRY OF THE 
SYSTEM. 
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